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Abstract 6 
We have used vibrational spectroscopy to study the formula and molecular structure of 7 
mineral penkvilksite Na2TiSi4O11·2H2O. Penkvilksite is a mineral which may be used to 8 
uptake radioactive elements.   Both Raman and infrared spectroscopy identify a band at 9 
~3638 cm-1 attributed to an OH stretching vibration of hydroxyl units. The inference is that 10 
OH units are involved in the structure of penkvilksite.  The formula may be better written as 11 
Na2TiSi4O10(OH)2·H2O.  The mineral is characterised by a very intense Raman band at 1085 12 
cm-1 and a broad infrared band at 1080 cm-1 assigned to SiO stretching vibrations. Raman 13 
bands at 620, 667 and 711 cm-1 are attributed to SiO and TiO chain bonds.  Water stretching 14 
vibrations are observed as Raman bands at 3197, 3265, 3425 and 3565 cm-1. Vibrational 15 
spectroscopy enables aspects of the molecular structure of the mineral penkvilksite to be 16 
ascertained. Penkvilksite is a mineral which can incorporate actinides and lanthanides from 17 
radioactive waste.  18 
 19 
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Introduction 23 
Penkvilksite Na2TiSi4O11·2H2O is a silicate containing titanium and not containing 24 
aluminium 1. The mineral may contain some zirconium replacing the titanium in the structure 25 
and the formula may be better written as Na2TixZr(1-x)Si4O11·2H2O.  The exact structure of the 26 
mineral is known 2. Synthetic analogues of penkvilksite in which the Ti is replaced with 27 
another tetravalent ion such as Zr or Sn are known 3.  The mineral is suspected to be 28 
monoclinic or orthorhombic 1. According to Merlino et al. 4 the mineral occurs in two 29 
polytypic structural arrangements.   30 
 31 
Penkvilksite represents a novel kind of silicate structure, characterized by the occurrence of 32 
alternating clockwise- and counter clockwise-growing spirals of corner-sharing SiO4 33 
tetrahedra, whose periodicity corresponds to six tetrahedral units.  The space group is space 34 
group P21/c 4.The crystals are thin but large and form radial fibrous masses.  The mineral is 35 
known from several sites world-wide 2, 4, 5.  The mineral has been synthesised 2, 6-8.  The 36 
synthesised mineral has been shown to have small pores 3. The synthetic analogue of 37 
penkvilksite has been shown to have the potential of a hydrogen adsorber 3 and as such is a 38 
suitable material for hydrogen storage for hydrogen driven vehicles.  Penkvilksite and its 39 
synthetic analogues including ones based upon tin, show significant catalytic activity 9, 10.  40 
 41 
The nature of the mineral being a titanosilicate means that the mineral has the potential to 42 
function as a radioactive element collector. The reason why there is strong interest in the 43 
formation  of sodium titanosilicates and zirconium phosphates 11 and rare earth phosphates is 44 
that these minerals can be used to lock in radioactive elements 12.  Synthetic orthophosphates 45 
are analogs of the natural mineral kosnarite, exhibits a wide range of unique physical and 46 
chemical properties including a tendency to wide isomorphism 13. The presence of U, Np and 47 
Pu actinides (IV) of the total NZP crystalline modifications formulas KZr2(PO4)3 brings 48 
together the crystal chemistry of the d- and f-elements to some extent. This suggests the 49 
possibility of concentration and immobilizing the actinide fraction of radioactive phases in 50 
homogeneous NZP phases 13.   51 
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The question arises as to whether the water in penkvilksite is zeolitic. There are about forty 52 
naturally occurring minerals which because of their structure can incorporate water into the 53 
channels or layers. The water is often referred to as zeolitic water. The exact nature of water 54 
in these minerals is not strictly known. Zeolite is a crystalline, porous aluminosilicate. Some 55 
of the more common minerals include analcime, chabazite, clinoptilolite, heulandites, 56 
natrolite, phillipsite and stilbite. Other less common and less well known zeolitic minerals 57 
include apophyllite, cavansite, armstrongite, nekoite, okenite and creaseyite.  Natural zeolites 58 
form where volcanic rocks and ash layers react with alkaline groundwater. Zeolites 59 
crystallize in post-depositional environments over periods ranging from thousands to millions 60 
of years in shallow marine basins. Naturally occurring zeolites are rarely pure and are 61 
contaminated to varying degrees by other minerals, metals, quartz, or other zeolites. For this 62 
reason, naturally occurring zeolites are excluded from many important commercial 63 
applications where uniformity and purity are essential.  Water trapped in the zeolite may be 64 
lost in stages in both reversible and irreversible steps. Vibrational spectroscopy may make an 65 
assessment of the water in the structure of penkvilksite.  The structure of penkvilksite is such 66 
that water may be trapped in the alternating clockwise- and counter clockwise-growing 67 
spirals of corner-sharing SiO4 tetrahedra.   68 
 69 
Raman spectroscopy has proven very useful for the study of minerals. Indeed Raman 70 
spectroscopy has proven most useful for the study of diagenetically related minerals as often 71 
occurs with minerals containing silicate and titanate groups such as for penkvilksite. The 72 
objective of this research is to report the vibrational spectra of penkvilksite and to relate the 73 
spectra to the molecular structure of the mineral and the nature of water in this structure.  74 
Experimental 75 
Mineral 76 
The penkvilksite minerals were obtained from The Mineralogical Research Company. The 77 
mineral originated from the Yubileinaya (Jubilee) Pegmatite, Mt. Karnasurt, Lovozero 78 
Massif, Kola Peninsula, Russia. The composition of the mineral has been determined (page 79 
634) 1.   80 
Raman spectroscopy 81 
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Crystals of penkvilksite were placed on a polished metal surface on the stage of an Olympus 82 
BHSM microscope, which is equipped with 10x, 20x, and 50x objectives. The microscope is 83 
part of a Renishaw 1000 Raman microscope system, which also includes a monochromator, a 84 
filter system and a CCD detector (1024 pixels). The Raman spectra were excited by a 85 
Spectra-Physics model 127 He-Ne laser producing highly polarised light at 633 nm and 86 
collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in the range between 87 
200 and 4000 cm-1. Repeated acquisitions on the crystals using the highest magnification 88 
(50x) were accumulated to improve the signal to noise ratio of the spectra. Because of the 89 
lack of signal, over 1200 scans were made. The spectra were collected over night. Raman 90 
Spectra were calibrated using the 520.5 cm-1 line of a silicon wafer.  The Raman spectrum of 91 
at least 10 crystals was collected to ensure the consistency of the spectra.   92 
Infrared spectroscopy 93 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a smart 94 
endurance single bounce diamond ATR cell. Spectra over the 4000525 cm-1 range were 95 
obtained by the co-addition of 128 scans with a resolution of 4 cm-1 and a mirror velocity of 96 
0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio.  The infrared spectra 97 
are given in the supplementary information.   98 
Spectral manipulation such as baseline correction/adjustment and smoothing were performed 99 
using the Spectracalc software package GRAMS (Galactic Industries Corporation, NH, 100 
USA). Band component analysis was undertaken using the Jandel ‘Peakfit’ software package 101 
that enabled the type of fitting function to be selected and allows specific parameters to be 102 
fixed or varied accordingly. Band fitting was done using a Lorentzian-Gaussian cross-product 103 
function with the minimum number of component bands used for the fitting process. The 104 
Gaussian-Lorentzian ratio was maintained at values greater than 0.7 and fitting was 105 
undertaken until reproducible results were obtained with squared correlations of r2 greater 106 
than 0.995.  107 
Results and Discussion 108 
The Raman spectrum of penkvilksite in the 100 to 4000 cm-1 region is illustrated in Figure 109 
1a. This spectrum shows the position and relative intensities of the bands in the Raman 110 
spectrum.  Some parts of the spectrum show no intensity and therefore, the spectrum is 111 
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subdivided into sections based upon the types of vibrational modes being investigated. The 112 
infrared spectrum of penkvilksite in the 500 to 4000 cm-1 spectral region is shown in Figure 113 
1b.   This figure shows the peak position and relative intensities of the infrared bands.  Again, 114 
no intensity is observed in the high wavenumber spectral ranges and thus the infrared 115 
spectrum may be subdivided into sections, according to the types of vibrations being 116 
investigated.   117 
 118 
The Raman spectrum of penkvilksite in the 800 to 1400 cm-1 spectral range is reported in 119 
Figure 2a.  The spectrum is dominated by a very intense sharp band at 1085 cm-1.  This band 120 
is attributed to a SiO stretching vibration. A low intensity shoulder band is observed at 1072 121 
cm-1.  The sharp band at 1353 cm-1 is attributed to the antisymmetric SiO stretching band. 122 
Dowty showed that the -SiO3 units had a unique band position of 980 cm-1 14 (see Figures 2 123 
and 4 of this reference).   Dowty also showed that Si2O5 units had a Raman peak at around 124 
1100 cm-1.  The mineral apophyllite shows an intense Raman band at 1059 cm-1 assigned to 125 
the SiO stretching vibration of these Si2O6 units.  Adams et al. 15 reported the single crystal 126 
Raman spectrum of apophyllite.  Adams and co-workers reported the factor group analysis of 127 
apophyllite. Based upon Adams 15 assignment this band is the A1g mode. It is predicted that 128 
there should be three A1g modes. However, only one is observed, perhaps because of 129 
accidental coincidence. Narayanan 16 collected the spectrum of an apophyllite mineral but did 130 
not assign any bands.  Raman bands of significantly lower intensity are observed at 970, 131 
1007, 1043, 1086 and 1114 cm-1. The Raman bands at 1043, 1086 and 1114 cm-1 are assigned 132 
to the A2u modes. Vierne and Brunel 17 published the single crystal infrared spectrum of 133 
apophyllite and found the two A2 modes, at 1048 and 1129 cm-1. The significance of this 134 
observation is that it shows that both the Si-O bridge and terminal bonds yield stretching 135 
wavenumbers at comparable positions.   136 
 137 
The infrared spectrum over the 500 to 1300 cm-1 spectral range is reported in Figure 2b.  A 138 
broad spectral profile is observed which may be deconvoluted into component bands. The 139 
infrared spectrum is dominated by a very intense broad band at 1080 cm-1. Other component 140 
bands are observed at 976, 1013, 1172 and 1224 cm-1.  One way of defining these bands is to 141 
allocate the assignment of these bands to SiO antisymmetric stretching bands. A broad band 142 
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in the Raman spectrum at 934 cm-1 is attributed to a water librational mode. The equivalent 143 
infrared band is at around 795 cm-1. There are a series of low intensity bands in the infrared 144 
spectrum at 572, 589, 618, 685 and 697 cm-1. These bands are attributed to TiOSi and SiOSi 145 
chain vibrations.  146 
 147 
These bands are observed as sharp intense bands in the Raman spectrum (Figure 3a).  Intense 148 
sharp bands are observed at 620, 667 and 711 cm-1.  These bands are attributed to the chain 149 
stretching and bending vibrations. Bands in the far low wavenumber region are shown in 150 
Figure 3b.  Intense bands are observed at 127 and 150 cm-1; these bands are related to the 151 
OTiO bending modes.   152 
The Raman spectrum of penkvilksite in the 2600 to 3800 cm-1 spectral range is shown in 153 
Figure 4a and the infrared spectrum in the 2400 to 4000 cm-1 spectral range in Figure 4b.  154 
The first thing that stands out is a very sharp peak in both the Raman and infrared spectra at 155 
around 3638 cm-1. This band is attributed to an OH stretching vibration. In the Raman 156 
spectrum there is an additional sharp band at 3667 cm-1, which is also assigned to this 157 
vibration. The implication, here, is that there are OH units in the structure of penkvilksite.  In 158 
other words the vibrational spectroscopy brings into question the actual formula of 159 
penkvilksite. Instead of Na2TiSi4O11·2H2O, the formula is Na2TiSi4O10(OH)2·H2O.  The 160 
series of Raman bands at 3197, 3265, 3425 and 3565 cm-1 are assigned to water stretching 161 
vibrations.  In a similar fashion, the infrared bands at 2991, 3260, 3426 and 3541 cm-1 are 162 
assigned to water stretching vibrations.  It is apparent that water exists in different molecular 163 
environments in the structure of penkvilksite. The Raman and infrared bands at lower 164 
wavenumbers e.g. 2991, 3260 (IR) and 3197, 3265 (Raman) shows that water is involved in 165 
very strong hydrogen bonding in the structure of penkvilksite.  The position of the bands at 166 
higher wavenumbers indicates that some water molecules are non-hydrogen bonded or is very 167 
weakly hydrogen bonded. The infrared and Raman spectra give every indication that some 168 
water may be zeolitic in the structure of penkvilksite. 169 
 170 
The Raman spectrum in the 1400 to 1800 cm-1 spectral range is illustrated in Figure 5a.  A 171 
broad Raman band at 1627 cm-1 is assigned to the water bending mode. In comparison, 172 
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multiple bands are observed in the 1300 to 1800 cm-1 spectral range (Figure 5b).  In this 173 
infrared spectrum, bands are observed at 1596, 1632, 1656 and 1679 cm-1.  The infrared 174 
spectrum suggests that the water is in different molecular environments in the structure of 175 
penkvilksite.  The infrared band at 1596 cm-1 is characteristic of non hydrogen bonded water 176 
molecules as might be found in water vapour.  The band at 1632 cm-1 is characteristic of 177 
hydrogen bonded water as might be found in liquid water. The bands at 1656 and 1679 cm-1 178 
are characteristic of strongly hydrogen bonded water. The water in penkvilksite as defined by 179 
the infrared band positions of the water bending modes is zeolitic.  180 
 181 
Conclusions 182 
The mineral penkvilksite Na2TiSi4O11·2H2O has been studied by vibrational spectroscopy. 183 
The mineral and its many synthetic analogs based upon zircon or tin show microporous 184 
properties and have the potential to adsorb hydrogen into these pores.  The mineral and its 185 
analogs because of their structure, have catalytic properties. Penkvilksite represents a novel 186 
kind of silicate structure, characterized by the occurrence of alternating clockwise- and 187 
counter clockwise-growing spirals of corner-sharing SiO4 tetrahedra, whose periodicity 188 
corresponds to six tetrahedral units.   189 
Both Raman and infrared spectroscopy identifies a band at ~3638 cm-1 attributed to a OH 190 
stretching vibration of hydroxyl units. The inference is that OH units are involved in the 191 
structure of penkvilksite.  The formula may be better written as Na2TiSi4O10(OH)2·H2O.  192 
Water in penkvilksite shows a wide range of hydrogen bonding. Some water molecules show 193 
zeolitic behaviour.  194 
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